Information on the case-study region
NRW is a highly productive and intensively cultivated region located in the central western part of Germany. It is the most populous and one of the most productive German states accounting for more than 20% of Germany's Gross Domestic Product (Staatskanzlei des Landes Nordrhein-Westfalen, 2016) . Figure S1 . Location of NRW.
In NRW, annual rainfall varies between 600 mm in the lowland (north and west NRW) and 1,400 mm in the highlands (northeast and south NRW) and average temperature ranges between 5-10 °C (LWK NRW, 2014) . The northwestern part of NRW (Munster and parts of Detmold and Dusseldorf) is mainly characterized by less fertile light soils. Soils are most fertile on the north eastern and southern plains. Roßberg et al (2007) and the percentage of rotations per pedoclimatic region from Burkhardt and Gaiser (2010) 
Data and assumptions

Residue management
The equation used for the agricultural management scenarios based on the humus balance approach is shown below: A deficit is established when the amount of residues produced by a crop plus the organic fertilization are not sufficient to meet the target balance (Bal). A surplus may exist for crops returning all the residues to the soil (e.g., winter rapeseed).
Fertilisation and cover crops
All fertilization strategies assume a crop-specific average N requirement to attain optimal growth and yield (target N in Table S2 ) derived from LWK NRW (2016). Part of this N demand is covered by the mineralization of soil organic matter and organic fertilizers. The remainder (i.e. target N -soil N supply) is applied as mineral N. The mineral N target is split into different fertilization events, with timing and relative dosage determined from recommendations (LWK NRW, 2016) (Table S2) . The way soil N supply is estimated is scenario-dependent. For the rule-based option, soil N supply is provided by monitoring stations covering the study area (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , which record the N availability in soil at the begin of vegetative growth for different combinations of crop sequences and soil type (Table  S3 ) (LWK NRW, 2018) . The estimated soil supply is then adjusted by the effects of cover crops and organic N management following the official recommendations (LWK NRW, 2016). In specific, the presence of a cover crop prior to the main crop increases the supply by 20 kg N ha -1 and each livestock unit (corresponding to 100 kg N from organic fertilizer) increases it by 10 kg N ha -1 .
For the optimised option, we assume farmers are able to measure soil N supply at each fertilization event, and apply the precise amount of mineral N required to meet the target N in the rooted zone. The target N is partitioned among different events according to the same dosage rules used for the rule-based option (Table S2) . Applied mineral N is adjusted to compensate for the difference between the event-specific target N (i.e. crop target N x dosage coefficient) and the mineral N content simulated in the rooted zone the day of fertilisation.
Regarding cover crop assumptions, we use mustard, as it is one of the most common ones in NRW. Sowing and harvest dates of the cover crop are set dynamically during the simulation (after the harvest of the previous main crop and no later than September 20 th ) in order to minimize the fallow period. Harvest of the cover crop occurs ten days before the date of sowing of the following main crop. 
For the main crops, typical sowing and harvest dates were identified for each pedoclimatic region (Table S4 ). The former were used to set the fixed sowing date of each crop, whereas the latter allowed defining a latest date of harvest (i.e. 15 days after typical harvest date). Harvest is triggered either at maturity, if this is reached before the latest date, or at the latest date defined. Source: Bundessortenamt (2000) . For each crop, missing dates (NA) were replaced by the average of crop operations in NRW pedoclimatic regions for which the data is available. For potato, we used the German average as retrieved from the German weather service (DWD) phenological database (DWD Climate Data Center, 2018) . Winter triticale dates are assumed as the average of winter wheat and winter rye. For the codes of the pedoclimatic regions see Figure S2 . (Stella et al., 2019) . 
Emission calculations
Additional results
